Introduction
Rapid progress of flow methods occurring during the last thirty years has yielded a great number of instrumental systems for development of traditional batch analysis. Many of the systems were devoted to rationalization or automation of traditional calibration procedures. [1] [2] [3] An area when rationalization of calibration stage can be exploited directly is proposed by R/žibka et al.: flow injection gradient titration. 4 In this kind of titration, usually a small volume of sample is injected into a flowing stream of titrant and transported to a detector through a system, assuring achievement of high values of dilution factors. It was proved 4 that, in these conditions, reproducible concentration gradients between the analyte present in the sample and the titrant are formed at the beginning and the end part of the dispersed sample zone. At these two borders, the equivalence points of the same sample dispersion, at which the sample is titrated quantitatively, are located. The distance between these two equivalence points of titration is proportional to the logarithm of analyte concentration and is usually measured as width of a peak (time interval) at a fixed peak height. In flow injection gradient titration there is no necessity to assign the concentration of titrant and to know the volume of titrant added to the sample but it is necessary to perform a calibration, which is usually carried out in an interpolative way with the use of a set of standard solutions prepared manually. Some authors have classified this titration as "pseudotitration". [5] [6] [7] [8] [9] Flow injection gradient titration has been exploited for various determinations, among them systems can be found for determination of: acids; [10] [11] [12] acidity in: vinegars, 12 raindrops, 13 oils 14, 15 and fruit juice; 16 surfactants; 9,17 amines and their salts; 8 and phenothiazine derivatives. 18 The principles of various procedures dedicated to acidity determination using flow injection titration are similar; however, various instrumental solutions can be found. In the examples cited above, a small volume (between 4.5 13 and 500 12 mL) of undiluted sample or sample diluted by an organic solvent 15 is injected into a stream of titrant (usually a solution of sodium or potassium hydroxide). In the case of spectrophotometric detection, an indicator (phenolphthalein, 12, [14] [15] [16] m-cresol purple 13 ) is added to the titrant directly [12] [13] [14] or a stream of titrant is mixed with a stream of indicator. 15, 16 The linear correlation between analytical signals measured as widths 12, 15 or areas 14, 16 of the signals registered and the logarithm of sample acidity is observed over a relatively wide acidity range. Depending of the composition of the sample of which the acidity is determined, acetic, 12 citric, 16 linoleic 14 or other acids can be applied as standards for calibration purposes.
In most of the presented approaches, calibration is performed by applying a set of standards calibration method with the set of standard solutions prepared manually. Such a performance makes the titration procedure laborious and time-consuming. Recently, the approach with the use of a set of standard solutions generated automatically in a flow injection system by subsequent dilution of a single stock standard solution has been presented. 12 The procedure rationalizes the stage of calibration but, like other approaches presented above, does not guarantee that a sample signal will be found within the working calibration range. The scope of the problem increases when a series of samples in a wide range of an analyte concentration is to be analyzed.
In the present approach, a procedure that guarantees that the sample signal is always included within the working calibration range has been proposed. In the procedure, as distinct from the other methods presented earlier, calibration is based on successive dilution of a stock standard solution consisting of a sample with a standard addition and on flow injection gradient titration of the standard solutions diluted subsequently until The proposed approach relies on successive dilution of a solution containing a sample with standard addition and on titration of the solutions obtained until receiving a signal lower than the signal measured for the sample alone. Equations are derived for subsequent dilution factors for the automatic flow injection system applied. The overall calibration strategy including the possibility of prediction of the number of required standard solutions and of positioning the sample signal within the calibration range is presented. The method has been tested on the spectrophotometric determination of hydrochloric acid at two concentration levels (0.193 and 1.21 mol L -1 ) with sodium hydroxide as titrant. The results of accuracy better than |3.9|% (RE) and repeatability better than 1.3% (RSD) were obtained. The method has been applied to the determination of total acidity in vinegars and soft drinks. The average time necessary to analyze one sample is about 10 min. † To whom correspondence should be addressed. E-mail: janiszew@chemia.uj.edu.pl receiving a signal lower than the sample signal. An automated flow injection system 12 applied to the implementation of the proposed procedure has been presented. The method was tested and afterwards applied to the total acidity determination in vinegars and soft drinks.
Experimental

Chemicals
Analytical-reagent grade chemicals and doubly distilled water were used throughout. Carbonate-free sodium hydroxide solutions used as a titrant were prepared from a 0.1 mol L -1 stock solution (Lach-Ner, Czech Republic). The indicator stock solutions were prepared by dissolving 0.4 g of bromothymol blue (POCh, Poland) in 25 mL of 96% (v/v) ethanol (Polmos, Poland) or 0.2 g of phenolphthalein (POCh) in 70 mL of ethanol or 0.3 g of thymolphthalein (POCh) in 90 mL of ethanol and making them up to 100 mL with water. The volumes of 100 mL of bromothymol blue and 150 mL of phenolphthalein or thymolphthalein solutions were added to 100 mL of sodium hydroxide titrant solutions. The hydrochloric, phosphoric(V), acetic and citric acid solutions used as standards or samples were prepared from concentrated hydrochloric (37%, Merck, Germany), phosphoric(V) (85%, Chempur, Poland) or acetic (96%, Merck, Germany) acid solutions or of citric acid monohydrate (Lach-Ner, Czech Republic), respectively. Vinegars and soft drink samples used were commercially available in the Polish market. The samples of soft drinks were degassed for half an hour with the use of an ultrasonic bath (Polsonic, Poland). Establishing of capacities of the dilution system loops and tubes was performed with the use of chromium(III) nitrate (POCh, Poland) solutions.
Reference method
Conventional titration procedures with the use of a glass electrode and an automatic batch titrator (Mettler DL 25, Toledo, Spain) were applied as a reference method. In this case, the sodium hydroxide solution of concentration 0.1000 mol L -1 used as a titrant was standardized against potassium hydrogen phthalate (Lach-Ner, Czech Republic).
FIA manifold
The automated flow injection system applied for implementation of the gradient titration approach proposed is presented in Fig. 1 . It consists of a two-positional and fully rotary valve 19 (Zhaofa, China), multichannel peristaltic pumps: two LZ 2010 pumps (Zhaofa) and a Minipuls 3 pump (Gilson, France). A UV/Vis spectrometer Model SPEKOL 11 (C. Zeiss, Germany) equipped with a 0.018-mL flow cell (Zhaofa) is used for detecting analytical signals at 620 (in case of using bromothymol blue as an indicator), 553 (phenolphtalein) or 594 nm (thymolphtalein). All elements of the system are computercontrolled. The dedicated computer program (written in our laboratory) allows one to operate the valves and the pumps as well as enables data acquisition, signal visualization and peak parameter measurements.
The system was operated as follows. The stock standard solution (the sample solution dosed with the standard) prepared manually was introduced to the reservoir CS (10 mL), to tubes a (201 mL), b (202 mL) and c (620 mL) and to loop b (4888 mL), whereas loop g (5167 mL) was filled with diluent (water) that was directed through loop a (500 mL) of the fully rotary valve (FRV) towards waste (situation presented on Fig. 1 ). When the valve (V) position was changed clockwise, the standard solution was injected from loop b to the diluent stream and directed to loop a of the FRV valve. At the same time the diluent from loop g was directed to the reservoir CS and diluted the standard solution. After the position of the FRV valve was changed anticlockwise, the undispersed part of the standard zone was injected from the loop a into the stream of titrant. In the next step (after changing the position of the valve (V) anticlockwise and the FRV valve clockwise and receiving the position presented in Fig. 1) , we injected the diluted standard solution from loop g to the diluent and directed it to the loop a of the FRV valve, from which its undispersed part was injected into a stream of titrant. At the same time the diluent was injected from the loop b to the reservoir and diluted the standard solution. By this means, after the positions of the valves clockwise and anticlockwise were changed in the sequence described above, the stock standard solution was gradually diluted in the reservoir CS. Each of the subsequently generated standard solutions was then directed to loop a of the FRV and injected into a stream of titrant. Each sample was injected directly to the stream of titrant from loop a of the FRV (after setting up of the FRV valve in the "sample" position).
PTFE tubing (0.8 mm i.d.) was used in the manifold. Capacities of loops b and g and of tubes a, b and c were obtained experimentally. Namely, they were filled with a chromium(III) nitrate standard solution and subsequently rinsed with water into a flask and made up to a volume. Then the concentration of the solution were determined spectrophotometrically. The following parameters of the system established earlier 12 were also applied: flow rates of diluent, titrant and sample solutions, 4.8, 5.2 and 4.6 mL min -1 , respectively; the interval time necessary to prepare a homogeneous calibration solution in the system, 180 s; the interval time between an injection of a standard solution into the stream of water and into the stream of titrant, 38 s. For titration purposes a glass mixing chamber of 2 mL capacity and a magnetic stirrer were used.
Widths of signals were measured as time intervals between two equivalence points on the raising and falling part of a peak respectively. The measurements were performed with the use of tangent lines to raising and falling parts of a peak and the plateau. 11
Results and Discussion
Titration procedure
The developed flow injection gradient titration procedure • Measurement of a signal for a sample, DtS.
• Preparation of a single stock standard solution containing a sample with a standard addition.
• Measurement of a signal for the sample with standard addition, DtS+DSt.
• Calculation of the number m of the standard solutions needed to be generated from the stock standard solution. As in the procedure it is necessary to construct an analytical curve for each of the samples analyzed; therefore, in order to minimize the analysis time and reagent consumption it has been assumed that the number of solutions generated should be limited to a required minimum. It means that the dilution process should be theoretically ended when the signal measured for the standard solution is equal to the signal measured for the sample. In order to achieve such a situation, the stock standard solution should be diluted to a well-defined value kp of the dilution factor, that is given by:
where a is a slope of the analytical curve (in the flow injection gradient titration the slope depends on the titrant flow rate and on the volume of a mixing chamber; 4 hence, it can be estimated experimentally before titration). 4, 12 In practice, the procedure is suggested to be continued until the dilution factor km of the m standard solution appears to be higher than kp i.e.:
Dilution factors corresponding to the standard solution successively diluted in the flow injection system applied can be calculated from the following formulas:
where n is the successive number of a standard solution, Vtb and Vtg are the total volumes of standard solution in the system closed by loops b or g, respectively, and Va and Vb are the capacities of tubes a and b, respectively. The values of dilution factors determined once are constant for given instrumental conditions of the flow injection system used.
• Generation of m standard solutions.
• Construction of the analytical curve. In the proposed procedure, the analytical curve indicates the relationship between widths of peaks registered for standard solutions and logarithms of calculated dilution factors. An example of an analytical curve constructed in this way is shown in Fig. 2 .
Calculation of analyte concentration in the sample
The dilution factor for the sample, kS, is determined from the analytical curve in the interpolative way (Fig. 2) and the analytical result cS can be calculated from this equation:
where cDSt is the analyte concentration in the standard addition used.
Test examinations
The proposed approach was tested with the use of synthetic samples of hydrochloric acid. Sodium hydroxide solution of concentration 0.0001 mol L -1 and bromothymol blue were used as titrant and indicator, respectively.
Hydrochloric acid solutions were used as the standard additions. Each sample was injected three times and the mean of the results was treated as an analytical result. The relative error (RE) and relative standard deviation (RSD) were used for estimation of accuracy and precision, respectively. The results obtained are shown in Table 1 . At the beginning (step A) two samples of hydrochloric acid of considerably different concentrations (0.193 and 1.21 mol L -1 ) were titrated. In this case the signal measured for a sample was included near the middle part of the analytical curve and the number of standard solutions generated (N) was higher than the estimated minimum number (m) necessary to construct the calibration graph. The |RE| and RSD values obtained were less than 2.9 and 0.9%, respectively, but no improvement in both accuracy and precision has been noticed when more than five standard solutions were used. In the next examinations (step B) the same samples were analyzed in such a way that the analytical curve was gradually shortened, hence the sample signal was situated closer and closer to the end of this graph. The results obtained when the minimum number (m = 5) of standard solutions were generated were comparable in terms of accuracy (|RE| < 3.9%) and precision (RSD < 0.8%) with those obtained under remaining conditions. Similar results (|RE| < 3.1%, RSD < 1.3%) were obtained (step C) when three standard solutions were generated. Finally, it has been revealed (step C) that the analytical results can be of much worse accuracy (|RE| ª6%) when only two standard solutions are generated. Such examinations show that the number of standard solutions generated for the method proposed does not need to be greater that the predicted minimum provided that it is greater than two (in such a case at least one additional dilution step has to be performed). Regarding the time of analysis, the average time necessary to analyze one sample (including registration of three signals for a sample and four signals for standard solutions generated) is about 10 min.
Real samples analysis
The developed procedure has been exploited for the determination of total acidity in commercially available vinegars and soft drinks. Samples were diluted before determination. NaOH titrant solution of concentration 0.0005 mol L -1 was used. Thymolphtalein and phenolphthalein were used as indicators in cases of coke samples and remaining drinks, respectively. Each sample was injected three times and a mean concentration value was assumed as the analytical result. In the case of vinegars the whole analyses were repeated thrice. The example of signals registered for one of analyzed vinegars are shown in Fig. 3 .
The results (Table 2) 
Conclusions
A stage of preparation of standard solutions constitutes an indispensable but laborious part of conventional flow injection gradient titration. In addition, if a series of samples are analyzed, there is a risk that the signal measured for some samples can be beyond the linear range. Hence, the concept of the flow injection titration procedure relying on generation of a set of standard solutions by gradual dilution of a single stock standard solution containing a sample with a standard addition has been developed. This way guarantees that the sample signal will always be included within the working calibration range provided that the dilution is continued until the signal registered for the last standard solution is lower than the signal obtained for the sample.
The analytical results obtained show that the proposed titration approach provides results of a very good precision and accuracy. Although in the presented approach there is a necessity of generation of an analytical curve for each of the sample analyzed, there is also a possibility of prediction of the minimum number of standard solutions; this would help limit analysis time and reagent consumption. The automatic flow injection system designed allows the dilution process to be strictly controlled and the titration procedure to become convenient. All these advantages make the developed approach competitive with other flow injection gradient titration methods, especially when samples of widely differentiated analyte concentration are to be analyzed.
